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I. INTRODUCTION AND GENERAL BACKGROUND

Surface acoustic waves (SAW) have, for more than ten years, played an increas-

* ingly important role in electronics technology, especially signal processing in the

* .. VHF-UHF frequency ranges. The initial emphasis in SAW research and develop-

ment was on tapped delay lines, for which the planar geometry of a SAW structure

is particularly well-suited. As the theory and practice of SAW transducers became

more and more sophisticated, delay lines were tailored for chirp transform process-

ing and wide-band frequency selection filters. The extension of SAW technology

into the microwave region bridged a gap between the range of previously existing

acoustics techniques and that covered by the newly emerging magnetostatic wave

(MSW) technology at even higher microwave frequencies.

During the 1980's and beyond there will be a need for l6w cost, low noise

oscillator circuitry in high frequency communications systems such as the Global

Position Satellite Navigation system. Current performance of SAW oscillators

now allows their use in civil communication systems, especially in digital radio

links. Typical applications include shift oscillators, carrier and bit timing recovery

circuits, and pilot generators. Other applications requiring highly stable VHF-LHF

oscillators are spectrum analysers, gas sensors, and RF converters. Because of

this emphasis on narrow-band oscillator operation, new temperature compensated

materials and techniques are now being actively investigated. Both long- and short-

term stability in SAW oscillators has become important to the success of these signal

processing systems and of other applications.

In 1976-77 two new, and related, developments occurred in surface wave acous-

tics: (1) horizontally polarized shear (SH) grating surface waves,' and (2) shallow

bulk acoustic (SBAW), also called surface-skimming bulk acoustic (SSBW), waves.2

By contrast with the Rayleigh wave propagation used in SAW technology, these

new phenomena are concerned with shear motion polarized parallel to the sub-

strate surface. A smooth surface cannot support an SH-type of surface wave, but it

was demonstrated theoretically and experimentally that this type of surface wave

does exist on a periodically perturbed surface.' These waves have the potential ad-

vantage of a longer wavelength and hence higher operating frequency. and a better

frequency-temperature characteristic. Initial results with SH wave devices revealed



prohibitively high insertion losses. By incorporating a shallow grating between

transducers it was found that the losses could be reduced to, typically, 10 dB.3

The grating trapped and guided the wave along the surface and reduced diffraction,

which was the cause of the high insertion loss. This effect, which can be explained

by a straightforward space harmonic analysis of gratings on isotropic substrates,

was exploited in fabricating delay line oscillators operating at frequencies as high

as 2 and 3.4 GHz3 '"

Oscillators controlled by surface acoustic waves (SAW), rather than STW, are

of both delay line and resonator types. A SAW resonator consists of a pair of metal-

lic or grooved grating reflectors spaced at a resonant length for frequencies within

the grating stop band and excited by an internal DT. Incorporation of such struc-

tures in an oscillator circuit provides increased selectivity and stability. For SAW

applications, three types of grating reflectors have been studied and utilized: (1)

etched grooves, (2) mass-loading deposited electrode strips, and (3) short-circuiting

deposited metallic strips. Type I gratings provide the highest Q but are the most

difficult to fabricate; Type II gratings provide satisfactory Q and are somewhat

easier to fabricate; and Type I gratings are the simplest to fabricate but have ade-

quate reflectivity only on strongly piezoelectric substrates (LiNbO3 and LiTa03).5

Another consideration in stable resonator design is the need for crystal cuts hav-

ing minimal changes in SAW velocity with temperature. Unfortunately, the strong
piezoelectric coupling materials that permit use of shorting strip gratings (and are

also more satisfactory for the IDT design) do not have zero temperature coefficient

crystal cuts. For this reason SAW oscillators requiring the utmost frequency stability

use rotated Y-cut quartz substrates of various types (AT,ST). Studies are currently

being made of doubly rotated cuts. such as the SC cut. Deposition of layers on the

substrate are known to change the temperature curve of AT quartz and this has

been proposed as a method for adjusting the temperature compensation.

The attraction of SSBW and STW in delay line and resonator applications

is due to: (1) Higher acoustic velocities, leading to larger IDT periodicities at the

same frequency; (2) Lower propagation loss for certain orientations of quartz and

berlinite: and (3) Smaller temperature coefficients of delay in quartz and berlinite.

The crystal cuts of interest are rotated-Y cuts. with the propagation direction

normal to that for SAW. Delay line filters of SSBW type have also been constructed

2



on rotated cuts of LiTaO3 , having large k2 and satisfactory temperature stability

for certain applications. However, no completely temperature-compensated SSBW

cuts have been discovered for LiNbO3 or LiTaOs, which prevents use of these

attractive materials in highly stable delay line oscillators controlled by SSBW. In

the case of resonator-controlled oscillators, SSBW suffer from a diffraction limited . -

Q, due to the fact that SSBW are not guided surface waves. Improvement in

'" the performance of SSBW delay lines due to deposition of a metallic periodic

grating that traps the energy on the surface has been calculated and observed

experimentally. In view of the results presented in the literature concerning the

adjustment of SAW temperature compensation by a mass-loading overlay, these

energy trapping gratings will also change the temperature compensation of the

STW trapped by the grating. For grooved gratings the effect should be even more

pronounced, because the STW velocity is determined not only by the material

properties but also by the topography ofthe grating profile. The major goal of this

proposed study of STW propagation is to investigate these multiple compensation

effects and. in particular, to look for combinations of crystal orientation, mass

loading, groove topography and metal shorting capable of realizing a zero TCD on

LiNbO3 and LiTaO. Since multi-compensation effects are known to occur in SC-

cut crystals, where stress-compensation also occurs, another interesting direction for

this project will be to look for STW cuts and grating geometries having properties

similar to those of the SC-cut.

The analysis of STW in Reference I dealt with deep gratings at low frequencies

on isotropic material surfaces, and the calculations were based on publi.shed treat-

ments of the analogous electromagnetic problem using the space harmonic method.

For the high frequency structures of interest in connection with the VHF-LHF oscil-

lators. shallow gratings are indicated and one is led to use a perturbation approach

in treating the effect of the grating teeth on the surface boundary conditions. The

perturbation technique is most generally useful since it can be easily applied to the - -

anisotropic case and appears to offer possibilities for the inclusion of piezoelectricity.

It uses Tiersten boundary conditions for the perturbation of a substrate by a thin

surface layer in order to analyze the fields within the grating teeth. a method that

has recently been extended to take correctly into account the boundary conditions

on the edges of the teeth.'

3
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Several rigorous analyses have recently been reported for deep gratings on

isotropic substrates." Practical grating structures, however, will necessarily be

used on crystal substrates that are both anisotropic and piezoelectric, where per-

turbation is the only analytical technique applicable. This is not a serious limita-

tion, since resonator structures require weak gratings many periods in length-a

case suitable for perturbation treatment. This has been developed for the impor-

tant practical case of rotated Y-cut trigonal crystals (quartz, berlinite, LiNb0 3 and

LiTaO3) and numerical results have been calculated for quartz and berlinite.0 The

analysis allows the effect of anistropy on STW gratings to be obtained directly

from the material parameters, unlike the case of SAW gratings (where the theory

of grooved gratings has been based on empirical considerations10 ).

Grating reflectors for SAW resonators are designed by applying the empirically-

based infinite grooved grating theory to develop the wave transmission matrix

representation of a grating of finite length. This permits calculation of the grating

reflector length from the depth of the grooves. With a similar matrix representation

of the standing wave region between the reflectors, this leads to a complete resonator

design, as in the reference cited. In Reference 9 an analogous finite length grating

theory was developed for STW, and transmission measurements on AT quartz

showed good agreement with theory. For STW resonators, both the reflectors and

the standing wave region between must have grooved surfaces; and the reflector and

resonator gratings must be designed so as to avoid diffraction into bulk waves at the

boundary. General resonator design criteria based on this concept are presented in

Reference 11.

L I. WORK STATEMENT FOR FIRST 12-MONTH PERIOD

Tasks I and 2-to be performed during first twelve months of the contract:

Task 1 Develop and evaluate for various materials a temperature perturba-

tion analysis of TCD for grooved STW on rotated Y-cut trigonal

crystals.

Task 2 Make a quantitative estimate of the degree of temperature compensa-
tion achievable with a grooved structure. to determine the likeiihood

of achieving zero temperature coefficient with choice of groove shape

only.

4



MI. PROGRESS DURING FIRST 12-MONTH PERIOD

(a) Temperature Compensation of Pure STW on Rotated Y-cut Trigonal

Crystals

In this case, pure STW occur only for propagation normal to the X-axis

This geometry was treated in Reference 9, where the basic wave theory was devel-

oped. The analysis considered propagation on corrugated surfaces of rotated Y-cut

trigonal class crystals (quartz and berlinite) with grating dimensions corresponding

to the cavity region of Fig. 1, where W = A/2. The method used was to apply

Floquet's Theorem, which gives the general form of the characteristic wave solu-

tions, separately to the semi-infinite substrate and to the grating. Application of

appropriate boundary conditions at Y = 0 then gives the dispersion relation and

the relative amplitudes of the various space harmonics. The method used in apply-

ing the boundary conditions was to assume a shallow grating and then calculate the

stress at the bottom of a tooth using the Datta-Hunsinger Perturbation Formula.6

To calculate the dispersion curves, a small frequency perturbation 6w and a small

propagation constant perturbation 6,6 were assumed relative to the Bragg frequency

crossover (Fig. 2), leading to the coupled wave dispersion relation

6 2 - (6w/V,) 2-K 2  (1)

where the surface skimming bulk wave (SSBW) velocity is

V. (C56 cae - C38)/pcaa ffi C./p

the space harmonic coupling constant is

m ~K fi )V'(h/A)2
.AC66 '--

and
h is the height of the grating

A is the period of the grating

p is the density of the crystal
C,, are the crystal stiffness constants.
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FIGURE 1

Definition of parameters for an STWV grating resonator. The central region is in 3.

grating passband.
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Using the above results, the velocity for pure STW propagation on corrugated-

rotated Y-cut trigonal crystals can be calculated. The result is

V~tW (2)
Wo - [(Wo - W)2 - (VK)2]'/ 2

where the Bragg, or center stop band, frequency is

Wo -V,/.A ,

and the STW frequency is w. This equation is valid for all trigonal crystals, including

quartz, berlinite, lithium tantalate and lithium niobate. To have a propagating

STW the operating frequency must be below the lower edge of the stop band (Fig.

2). That is, we must satisfy the following condition in order to have a real STW

velocity,

(wo - w)' > (V.K)2  (3)

Since the temperature and rotation angle dependence of V, w , and K can be

obtained from the temperature dependence of the material constants and grating

dimensions, the temperature dependence of the STW velocity can be calculated.

To investigate temperature-compensation effects it is necessary to first consider the
first-order temperature coefficient of the phase delay (TCD). This is defined as12

TCD --a-(I/V,. ) dVC (4), (4)

where a is the linear expansion coefficient in the direction of wave propagation. A

computer program was developed. using Eq. (1) and Eq. (4) to plot V:, t and TCD vs.

temperature. The purpose of the program is to provide a check on predictions of a

zero crossing of the TCD curve, as well as to act as a guide in finding a temperature

range over which the TCD will be close to zero. This program is very general and

can be used to estimate STW velocity and TCD (neglecting piezoelectricity) for any

rotated Y-cut trigonal crystal (quartz. berlinite, niobace or tantalate).

To better facilitate rhe prediction of a zero TCD crossing, a scheme was
developed for relating the TCD curves to the crystal rotation angle. with the grating

dimensions and operating frequency as parameters. If only small changes with

temperature are considered and lower order terms are neglected whenever possible.
S



the TCD can be approximated by

TCD=-- H2(Vte -Ate) - Csat + 2hte + Ptel - J[V tc (5)

* where

H =4(h/A) 4 (C.1 /1C6 . )2

J = /Wo - (W/Wo) 2

F0 =[i-W/WO)2 -H)/

Vlt, and Co6 t, are the surface skimming wave velocity and

88 stiffness temperature coefficients in the rotated coordinates,
A,, and he, are the linear expansion coefficients for the

period and height in the rotated coordinates;

pee is the temperature coefficient of density of the crystal

This expression can be evaluated, since the temperature coefficients for Cs6 , h

and p have been found experimentally1' 3 1 and the skimming bulk wave velocity

temperature coefficient is calculated to be

=,. - C wc - h/Ce(2Ws 6it - Cas,) _p- /22Cff

This equation for the surface skimming bulk wave velocity temperature coefficient

was checked by substituting the stiffness constants for quartz' 4 and comparing to

published curves for the SSBW temperature coefficient.' 5 Our curves matched the

published curves exactly.

Setting the TCD (Eq. 5) equal to zero gives the condition on the frequency,

rotation angle and grating dimensions required to achieve a TCD zero crossing.

This condition is

J=HA , (6)

where J and H are defined above and the compensation factor .4. is

A= [ 2 + ( +Pee -. C05 )
This compensation factor is a measure of the ability to compensate a given crystal

cut using the grating structure under investigation. The greater the compensation

factor the smaller the height of the grating required to achieve a zero crossing. If

m
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FIGURtE 3

* Compensation ractor A4 (Eq. 8) versus Y-cut rotation angle for quartz. Grating
compensation is possible only for A greater than zero (-g0* to -.500, -490 to W5', 35,
to 90*). Room temperature.
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As in Fig. 3. for lithium tantalate (-90* to V , 11? to S3T.)
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COMleNSATION FACTOR FOR LIThIUM NIOSATE
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FIGURE 6

As in Fig. 4. for lithium niobate (-.54' to 41!.)
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the compensation factor is negative the crystal cut cannot be compensated using

this kind of grating, because the addition of the grating increases the TCD, thus

making the temperature compensation worse. Compensation factors versus Y-cut

rotation angle are given for quartz in Fig. 3, lithium tantlate in Fig. 4, and lithium

niobate in Fig. 5.

The above theory shows that a compensation factor of 4 at a frequency of 1

GHz corresponds to a Bragg frequency of 1.3 GHz, a grating period of 1.5 microns

and a grating depth of 0.48 microns for quartz and lithium tantalate. A shallow

grating was assumed, which implies that the grating depth is much smaller than the --

wavelength of the STW. The wave lengths at I GHz of the STW were 2.8 microns for

tantalate and 3.7 microns for quartz. Therefore the assumption is reasonable and

indicates that complete temperature compensation of quartz or lithium tantalate

with a grating of this type should be realizable. However, in the case of lithium

niobate the maximum compensation factor is approximately 0.37 at an angle of- 15*.

This small compensation factor requires an operating frequency of 1 GHz, a Bragg

frequency of 3.8 GHz, a grating depth of about 0.29 microns, and a grating period

of 0.5 microns. Because the operating frequency is far below the Brag frequency,

our coupled wave approximation to the theory (small 6w) may not predict with

complete accuracy-the required grating depth. However, compensation does occur

for niobate and more accuracy can be achieved by retaining more terms in the

Floquet expansion. This straightforward modification should then permit accurate

prediction of the grating depth required for zero TCD at room temperature.

To implement this more accurate calculation, it is necessary to relax the as-

sumption that the operating frequency is close to the Bragg frequency. Recall that

a small 6w and a small 6 3 about the stopband were assumed, to simplifv the dis-

persion relation. Relaxing this assumption leaves a dispersion relation which can

only be solved numerically. These calculations are more tedious but will confirm
the accuracy of the approximate dispersion relation above, as well as giving the

true behavior of the dispersion relation in a region far below the stopband. This

is important because design of temperature compensated delay lines may be more
practical in this low frequency region. These extended calculations will also give the

true dispersion relation in the region above the Bragg frequency. which is of con-

siderable theoretical interest and is not correctly predicted by our present theory.

13



Piezoelectric effects for pure X-polarized STW on rotated Y-cut lithium niobate

and lithium tantalate, have also been examined. There is no piezoelectric stiffening
of rotated Y-cut trigonal 3 m crystals. Thus piezoelectricity has no effect on the

rotated Y-cut STW. However, the lack of piezoelectric stiffening makes it impossible

for an IDT to couple to a pure STW on rotated Y-cut lithium niobate or tantalate.

Because of this coupling problem it is necessary to use an intrinsic transducer scheme

to make use of the compensation properties of pure STW on these substrates. One

such scheme would involve depositing a thin layer of ZnO on the surface of the

crystal before putting down the metal fingers of the DT. The added cost due to

extra processing as well as the loss in coupling efficiency makes such a scheme rather

impractical.

(b) Temperature Compensation of Pure STW on Gallium Arsenide

Because of the extremely attractive properties of gallium arsenide for fast
semiconductor devices, the possibility of realizing integrated semiconductor-acoustic

devices on gallium arsenide substrates is arousing considerable current interest. For

this reason a first evaluation has been made of the possibilities for temperature

compensated STW propagation on this substrate. Equation (2) can be applied
to STW propagation in the cube diagonal plane of gallium arsenide with a slight

modification to the surface skimming bulk wave velocity term (V) and the space
harmonic coupling constant term (K). In this case

V , . (C44 COO - C'8)/PCG= C 1 1/p

and

K -2(-)h 2/(A) 3

Similar results are obtained for STW propagation in a cube face. A modified version
of the TCD computer program has also been developed for these cuts of gallium

arsenide, the only ones permitting pure STW.
Results of computer evaluation of the compensation factor show that, for STW

propagation in the cube face. it is equal to zero for all propagation directions. a

conclusion expected from the elastic isotropy of gallium arsenide in the cube face.

The compensation factor for STW propagation in the cube diagonal plane of gallium

arsenide is never greater than zero. so that a zero TCD crossing cannot be achieved.

14



The smallest TCD value calculated was for the surface skimming bulk wave (that is,

an STW with no grating), which had a value of 37 ppm. The negative compensation

factor indicates that addition of a grating increases the TCD, a result confirmed

by numerical evaluation of the TCD formula for gallium arsenide. However, the

literature does give designs of temperature stable gallium arsenide surface acoustic

wave delay. lines.1 2 In this reference it is shown numerically that a SAW can be

completely temperature-compensated by adding a double layer of gold and silicon

dioxide to the gallium arsenide. This suggests that it will be possible to temperature-

compensate SAW propagation with a grating designed according to the generalized

surface grating wave theory outlined in (d) below.

(c) Propagation of Quasi-STW along the X-axis of Rotated Y-cut

Trigonal Crystals

A more attractive approach than the development of special transducers for

pure STW (discussed at the end of subsection (a)) is to choose a propagation

direction that can couple to an IDT. One such propagation direction is along the

X-axis of rotated Y-cut lithium tantalate or lithium niobate. Propagation in this

direction is by quasi-STW, already described in the literature.'6 Resonators using
this type of surface transverse wave on 4Q' rotated Y-cut, X-propagation lithium

niobate have been reported by Zhang et aL'T The quasi-STW wave problem is

much more complicated because one must allow for an arbitrary displacement
polarization, while in the pure STW case the polarization is in one-dimension

only. Treatment of an arbitrary polarization displacement requires a complete

redevelopment of grating theory from first principles. Such a theory, described

in the following subsection, gives a quantitative method for calculating not only

pure STW grating waves but also Rayleigh and pseudosurface grating waves. This

is a major advance because it allows SAW resonator gratings, now designed from

experimentally determined parameters, to be analyzed directly from the material

properties of the substrate. It also opens the way to temperature-compensating

SAW on lithium niobate and lithium tantalate by means of gratings operating
in the passband. This possibility 3f temperature-compensating SAW. as well as
STW, raises the question of the relative advantages of these two types of waves.

Recall that. for quartz, STW is favored over SAW because it has a significantly
15



greater velocity, which eases the problem of mask fabrication at higher frequencies.

However, it has been reported in the literature that for lithium niobate and lithium

tantalate the SAW and bulk shear wave velocities are approximately the same, so

that the advantage of SSBW and STW in facilitating mask fabrication in these

materials is lost. Because of this, it is felt that the potential for temperature-

compensating surface waves with gratings is just as important for SAW as it is for

STW. The choice will depend on which gives the better performance.

(d) Theory of Generalixed Surface Grating Wavs

In rotated Y-cut trigonal crystals, surface skimming bulk waves (SSBW) exist

only for propagation normal to the X-axis. Addition of a surface grating converts

these skimming bulk shear waves into pure shear (or transverse) surface waves

(STW). As noted above, temperature-compensation of these waves on quartz,

lithium niobate, and lithium tantalate can be achieved by choosing the crystal

orientation and the grating dimensions. In the cases of lithium niobate and lithium

tantalate, however, thee are not piezoelectrically active, and cannot be excited

with an IDT. Piezoelectric coupling i obtained for propagation along the X-axis of

rotated Y-cut lithium niobate and lithium tantales. However, for this direction of

propagation pure SSBW and STW exist only for certain specific rotation angles.

Consequently, to study temperature compensation of surface grating waves on

piezoelecrically active cuts it is necessary to extend the previous theory (developed

for pure shear waves, polarized pa-alel to the crystal surface) to the case of general

polarizations.

Two approaches are being followed:

(i) Perturbation Theory

This approach is applicable to rotated Y-cut orientations having an X-

propagating plane shear wave solution with polarization very nearly parallel to

the crystal surface for a certain angle of rotated Y-cut lithium tantalate.Ls In this

situation one can approximate the actual rotated stiffness matrix by a hypothetical

matrix having a pure shear SSBW solution, plus a small perturbation. A pure STW

solution is found, using the hypothetical matrix, and the velocity is then modified

by perturbation theory' s according to the small difference between the actual and
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hypothetical stiffness matrices.

(I) Generalized Floquet Theory

If the crystal cut does not permit an approximately pure STW solution, the

grating wave theory must be completely reformulated from the beginning. This

has been done in the manner summarized below. Important consequences of this

breakthrough are: (1) it permits a thorough investigation of grating temperature

compensation in gallium arsenide, where compensation has been found to be im-

possible for pure STW crystal orientations; (2) it provides the first development

from fundamentals (rather than experiment-based empirical models) of SAW grat-

ing theory and therefore opens up the highly important technological area of

termperature-compensation for SAW gratings; and (3) it makes possible an in-depth

study of surface trapping of pseudosurface waves and leaky waves on arbitrarily

oriented crystals. To simplify the discussion, it will be restricted here to crystal

cuts, such as rotated Y-cut lithium niobate with propagation normal to the X-axis,

for which both SSBW and saggital plane SAW exist. In the case of lithium niobate

the saggital plane SAW is piezoelectrically active and, indeed, is a commonly used

orientation in practice. For this simplified discussion, piezoelectric effects will be

ignored.

Figure I defines the grating parameters. Attention will be focused here on

the passband grating in the center of the figure. In the theory of pure STW the

particle displacement is in the X-direction only. Floquet theory is applied by: (1)

expanding the acoustic field in the substrate (Y < 0) in terms of space harmonics.

(2) developing the field in the teeth by means of Datta-Hunsinger perturbation _

theory, (3) matching boundary conditions at Y = 0, to obtain the characteristic

equation, and (4) invoking the coupled wave approximation to obtain a closed-form

solution for shallow gratings.9 As an example of the generalized theory., this same

approach will be applied here to SAW grating waves on an isotropic substrate. _ -

This is for illustrative purposes only. The general format is the same for SAW

propagating normal to X on rotated Y-cut lithium niobate, and this case will be

pursued quantitatively during the next quarter.

.-%s in standard SAW analysis the field in the substrate is expressed as a super-

position of longitudinal and vertical shear partial waves. For grating wave theory

17
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each of these types of partial waves is a sum over an infinity of space harmonies.

the nth space harmonics of the two types of partial waves are defined as

U -i ,Lea'LYe - o &Z

Uj n e a ,s Y e -0 .Z ' 
( 7 )

where the polarization vectors 4 (containing Y and Z components only) are of

longitudinal and shear types, such that

-ans + 32 - (/V.) 2

~ 4 s ~ ' 3 s = 1V ) 2 ( 8

Also, the space harmonic propagation factor is defined as

,3,-o + 2,rn/ ()

For n = 0, Eqs. (7) and (8) reduce to the partial waves used in analyzing SAW

propagation on a smooth surface.

The boundary conditions at Y = 0 in Fig. 1 involve the field components Uy,

uZ, Tyy = T 2 , and Tzy = T4 . After evaluation of the 2 and 4 stresses for each

space harmonic, Eq. (7), the total boundary fields (at Y = 0) are found to be

described by the two matrix equations

rY] ~rYL u~s1ranLe-'ia'Z 110
uJ _ , u (1a)se-O.SZ

4J ,,..- L ,T4L s La-se - 1-Z

where az. is the amplitude of the .th longitudinal space harmonic and ans is the

amplitude of the n !' shear space harmonic. The meaning of these equations can

be clarified by noting that they are both scalar equations for ux and TX'y = Ts in

the pure STW case. Furthermore, in the case of a SAW on a smooth surface only

the n = 0 space harmonic exists. and the stresses are zero on the left-hand side of

Eq. (11). This gives

0= C:-- ;:t::12)IL, T4s oLosJ

Setting the determinant of the matrix equal to zero should give the characteristic

equation for a Rayleigh wave on an isotropic substrate. and this has been verified.

18



For a grating wave the fields in Eqs. (10) and (11) must be matched to the fields

in the teeth by using Datta-Hunsinger perturbation theory, just as in the case of

STW; but matrix equations are now obtained, rather than scalar equations. In this

case, the Datta-Hunsinger relations for the stresses under the teeth arep -=C: Dk; (13)
7T41 D4 JUZj

with the displacements given by Eq. (10). Between the teeth the stresses are zero.

Substitution of these results into the left-hand side of Eq. (11) leads to coupling
among the space harmonic amplitudes. This relation is a two-dimensional matrix

equation analogous to the scalar equation found for pure STW. As in that case,

an infinite set of linear equations in the space harmonic amplitudes is obtained by

multiplying with

and integrating with respect to Z over one period of the grating . Because of

the or.thogonality of the exponential functions over a grating period, this yields

equations of the form

[A [K-n[ , (14)
LT4L T4 Jn 'i-o LnSJ

for all values of n.

In the case of pure STW, the analogue of Eq. (14) is scalar and the coupled
wave approximation is implemented by retaining only those values of n for which

the left-hand side is nearly zero at points close to the Bragg frequency (i.e.. the

so-called near-resonance terms). A difficulty arises in Eq. (14) because the left-hand

side is a matrL and it is not clear how to apply the near-resonance condition.

In fact. the matrix on the left-hand side of Eq. (14) is the n" space harmonic

version of the matrix in Eq. (12). It therefore has zero determinant when the
characteristic equation for SAW (i.e., SAW 'resonance' conditions). This gives the

clue for decoupling the amplitudes aL and a,s on the left-hand side of Eq. (14),
thereby allowing the coupled wave approximation to be implemented. Under SAW

-resonance' conditions for the m space harmonic the matrix on the left-hand side

- of Eq. (14) is a "null" matrix and has two identical eigenvectors. By taking this
< 19



eigenvector and a vector orthogonal to it as new basis vectors for the column matrix

[aa,

] 

L

one can decouple Eq. (14) for space harmonics near the SAW "resonance' point.

This gives scalar coupled wave equations for the 0 and -1 space harmonics of the

SAW, with explicit expressions for the coupling induced by the grating, analogous

to the equations used in calculating the dispersion curves and temperature-

compensation of pure STW. With this new result it is possible to explicitly calcu-

late from the material constants and the grating geometry the dispersion properties

of SAW in the pasband and stopband of a grating and to analyze temperature-

compensation from the properties of the material. Similarly, a grating theory can

be formulated for quasi-STW.

IV. WORK STATEMENT FOR SECOND 12-MONTH PERIOD

Task 3 Look for temperature compensated gratings (involving grooves, mass

loading and conduction effects) for LiNbO 3 and LiTaO3 .

Task 4 Develop a theory of conducting strip STW theory for planar surfaces

of rotated Y-cut trigonal crystals and evaluate for various materials.

Task 5 Adapt Task I to mass loading STW.

Task 6 Develop theory of grooved STW to include complete and partial con-

ductive coatings on rotated Y-cut trigonal crystals.

Task 7 Develop theory of grooved plus mass loading STW.

Task 8 Perform Task 3 in more detail.

V. PLANS FOR SECOND YEAR

Research during the first year of this program (Section III. above) has already

accomplished some of the goals set out in Task 3 of the second year work statement.

namely to find temperature compensated gratings for LiN'bO 3 and LiTa'O3 . These

results show that pure STW propagating normal to the X-axis on rotated Y-cut

lithium niobate and lithium tantalate can be temperature-compensated with grooves

alone. However. these waves were found to be piezoelectrically inactive, and pure
20
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piezoelectrically active STW on gallium arsenide (investigated as. an extra task)

cannot be compensated with grooves alone.

These conclusions pointed to the need for a more general basic theory capable

of treating grating surface waves other than pure STW-for example, the quasi-

STW that propagates along the X-axis of rotated Y-cut lithium niobate and lithium

tantalate. These are known to be piezoelectrically active, and some experimental

results are available in the literature for propagation along a conductor-clad sub-

strate. An approximate perturbation analysis of these waves was examined during

the last quarter of the first year's effort. It has been concluded that this is not

cost-effective because of the considerable effort required to generate results whose

accuracy is not clearly defined. Consequently, it was decided to proceed with the

exact treatment described in Section 11(d).

Therefore, our plans for the first quarter of the second year are as follows:

(a) We will formulate a general theory of TCD for quasi-STW propagat-

ing along the X-axis, and SAW propagating normal to the X-axis of

rotated Y-cut trigonal crystals.

(b) We will use (a) to find temperature-compensated designs for quasi-

STW and SAW grooved gratings on rotated Y-cut trigonal crystals,

selecting designs most suitable for experimental tests.

(c) We will adapt the results of (a) and (b) to mass loading gratings and

gratings that combine grooves with mass loading.

PUBLICATIONS

No publications were generated during this reporting period.

PROFESSIONAL PERSONNEL

Professor B.A. Auld; D. Thompson, graduate student.

INTERACTIONS

No presentations or interactions were made.
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